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During the past six months we have continucd our
study of the interactions of radiation with gascs over
a broad front. 1In pérticular, we have included some
very important theoretical work on the angular distribution
of electrons. This work has been applied to atomic
6xygen. At present we are trying to verify theoryv at a
single waveléngth (584 X). These are difficult experinmcnts,
however, it is important to verify theory so that it can
be used in confidence at wévelengths inaccesibie to
experiment.

Measurements on the Branching Ratios of many gases
continue over a large wavelength range. This includes
details of eleétronic states and of vibrational intensities
-with electronic states. Some of this work has been published,
much has yet to be analyzed. Ionization yields and cross
sections are being measured and analyzed. No publications
have been prepared yet. It is expected that these will
appear in print during 1975.

This research program has been extreﬁely productive
to date. Abstracts of all talks and publications are

listed below covering the period from the last final report.
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Resonances in the Angular Distribution of Xenon Photoelectrons®

James A. R. Samson and J. L. Gardner
Behlen Lahovatory of Physics, ['niversity of Nehrvaska, Lincoln, Nehraska 683508
(Received 19 September 1973)

Measurements are reported of the resonant structure, caused by autoionization, in the
angular distribution of xenon photoelectrons. The measurements were made within the
autoionizing structure lying between the *P,/, and %P, 4 ionization thresholds for the wave-
length range 956 to 1015 A. The results show a periodic variation in the asymmetry pa-
rameter 3 with maximum excursions of about +0.9 to - 0.9. The overall variation and

magnitude of 3 is in accord with the recent theoretical predictions of Dill.

We report the first measurements of resonant
structure, caused by autoionization, in photoelec-
tron angular distributions. Although a number of
experimental determinations of photoelectron an-
gular distributions have been reported,'"!? no
measurements exist of the variation of the angu-
lar distribution with energy across autoioniza-
tion resonances. A recent paper by Dill'? con-
sidered, theoretically, the influence of autoion-
ization on the angular distribution parameter g.*
This paper gave the important general prediction
that 3 should fluctuate rapidly within the allowed
range of -2 and -1 across any autoionizing reso-
nance, atomic or molecular, In particular, 3
was calculated for xenon across the first auto-
ionizing resonance between’the *P,,, and *P,,,
ionization thresholds. The current experiment
was designed to measure the xenon photoelectron
angular distributions as a function of wavelength
between the *I’,,, and *P,,, thresholds to compare
with the predictions of Dill. The importance of
measuring 3 across a resonant structure was em-
phasized by Dill as a new and independent method
to probe atomic and molecular dynamics.

The experimental tvchniquc-vmployed was to
measure the angular modulation of the photoelec-
tron count rate within a 6° cone of acceptance in

the plane normal to the beam of partially plane-
polarized radiation emerging from the exit slit
of a 3-m Seya-Namioka monochromator. This
method has not been previously used. From an
expression for the general angular dependence
of the photoelectron signal when using partially
plane-polarized light,'® it is readily shown that
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where the photon beam is traveling along the +y
axis, o is the integrated cross section, 6 is the
angle of emission measured in the v-z plane from
the z axis, and ¢ is the degree of polarization giv-
en by I, I, the ratio of the radiation intensity com-
ponents in the x and z directions, respectively’
The apparatus is shown schematically in Fig,
1. Electrons formed within the jonization region
were allowed to drift in a field-free region through
a series of five baffles to a Spiraltron detector,
and the resultant pulses were integrated with a
rate meter. Since angular distributions were to
be determined for xenon in the wavelength range
below the *P ,, ionization threshold, no energy
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Photoelectron Angular Distributions as a Probe of Anisotropic Electron-lon Interactions*

Dan Dill
Department of Chemistry, Boston University, Boston, Massachusetts 02215

and

, Steven T. Manson
Department of Physics, Geovgia State University, Atlanta, Georgia 30303

and

. Anthony F. Starace
Behlen Labaratory of Physics, The University of Nebraska, Lincoln, Nebraska 683508
(Received 31 December 1973)

Expressions are given for atomic photoelectron angular distributions in L S eoupling in
which the role of anisotropic final state electron-ion interactions emerges explicitly.
Calculations of photoelectron angular distributions for atomic sulfur are presented in
which these anisotropic interactions produce clear deviations from the predictions of the
Cooper-Zare model. Such effects are expected to be a general feature of photoelectron
angular distributions for most open-shell atoms.

We report here expressions for atomic photo-
electron angular distributions in LS coupling
which exhibit clearly the influence of anisotropic
electron-ion interactions. To illustrate these
effects we have calculated the ancular distribu-
tions of electrons photoionized from atomic sul-
fur, for which these anisotropic final-state in-
teractions are large. These effects take the form
of pronounced differences between the distribu-
tions of photoelectron groups corresponding to
alternative LS-term levels of the residual ion.
This result is to be contrasted with that of the
Cooper-Zare (CZ) model.! in which the role of
final-state interactions is not considered: No
dependence on the ionic term level is predicted.
The past success of the CZ model in confirming
measurements™ ‘ is due to the fortuitous circum-
stance that the measurements have dealt with

closed-shell atoms, for which we show that an-
gular momentum and parity conservation impose
severe restrictions on the effects of any aniso-
tropic interactions.

Our results are aimed on the one hand at the-
orists engaged in photoionization cross section
calculations that include electron correlation. .
The criteria for assessing the importance of
anisotropic interactions are given in terms of .
interaction parameters provided by such calcu-
lations. On the other hand, we wish to empha-
size to experimentalists this new dvnamical in-
formation on final-state interactions that can
emerge through the study of open-shell atoms.

Our analvsis is based on the resolution of the
ancular distribution into separate contributions
characterized by the alternative values j, of the
angular momentum transferred in the photoioni-

Copyvright © 1974 hy 971

The American Physical Society



Experimental vibrational intensity distributions for
continuum photoionization to the X 2X*, A 2Il, and

B 2Z~ states'of CO* and N3

J. L Gardner and James A. R. Samson

B 2l Loberat rv of Piondes, Prosensuy of Nebraka, Lineoln, Nebrobg 68508

Pocenved 31 Decomber 1973

since thi vibratiunal structure has been resolved, V7

Most spectra have been recorded from undispersed radi-

ation $ULrCL s,
erated Iroonoimyurity Lnos tu be present atbeng wath tae
_desired suectrum, and-with electron enercy analyvzers
whose trissmission as a function of enersy has heen as-
sumed. Pressure sensitive effects, notably modifica-
tion of the spe¢trum by resonant scattering throuch nega-
tive ion states, * and differential scattering out of the
electron veam for clectrons of different energies, * may

also have been unaccounted for.

We have recorded photoelectron spectra from CO and
N, using dispersed 584 A and 537 A radiation from a DC
discharge in helium, with a cylindrical mirror analyzer,
described elsewhere, ! whose transmission as a function
of energy has been calibrated. (The calibration proce-
dure is described in Ref. 4. The light source used for
the present calibration was a duoplasmatron. 5 Argon
gas was used in the discharge which produced a large
number of Aril lines. Electron counting techniques may
be used with this source, and the present calibration is
felt to be more accurate than that previously obtained
with a condensed spark discharge. *) The gas pressure
in the analyzer was held at less than 0.1 mTorr. The
spectra were recorded at a constant 3 eV pass energy
with the aid of a preretarding lens, to reduce scattering
effects® and to provide a constant resolution of 45 meV
so that peak areas could be used directly as a measure
of the photoelectron intensity.

The experimental vibrational intensities, corrected
for the transmission of the analyzer, are tabulated in
Table I together with theoretical Franck-Condon fac-
tors® all data are normalized to 100 at the strongest
peak in each vibrational band. Up to 15 spectra have
been included in each distribution; the errors represent
statistical fluctuations in the count rates only. The re~
sults for the B“S" states include only 537 A spectra, as
anomalous distributions, caused by resonant scattering
through negative ion states, could be seen in all the 584
A spectra in the energy range covered by the B~I* tran-
sitions. This was true even at the lowest useable pres-
sures in the analyzer. The results for the X “* and
- A’ ionic states include both 584 & and 537 A spectra,
thus minimizing errors in the determination of the
transmission through the analyzer as a function of the
electron energy. The error in the transmission calibra-
tion could be as high as 157 across the energy range
cuovered by the A Il electrons at cach wavelength, No

The Journal ot Chejnicql Physies, Vol. 60, No. 9, 1 May 1974
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sirnificant differences in the distehotions of the toe

wavelenoihs eonbi be geon for el ot YT e LT
states,

The agreement heteeen the cxnerinearal dister o s
and the Fronck-0 b faetor 0 oy Lep b ()T

and B LT states.  The eXporins ntad mtonsay
co'Aa :lil state is scen to be const=tentiy hicher than the
Franck-Condon factor as the vibrational quantum nam-
ber increases, although part of this trend could be due
to errors in the transmission calibration.  The discrep-
ancy between the experimental and thearvetical intensities
at the v= 5 level of the A °II; state is probably caused by
crossing of the CO’A and X potential curves., Singh and
Rai’ predicted a perturbation at the CO*.1, v- 5 fevel;
this has not been previously observed.

acros the

The experimental vibrational intensity distributions
for the A 211, and B %2} states of Nj agree reasonably well
with the Franck—Condon factors (apart from v =7 of the
A %I, state), with a possible consistent deviation about
v=4 of the A °Il, state. This deviation, together with the
trend in the A zﬂi state of CO*, may be explicable by the
variation of the electronic transition moment with the in-
ternuclear separation of the atoms and;or with the en-
ergy of the emitted electron, as in the case of hydrogen?

TABLE 1. Vibrational intensities and Franck—Condon fuactors
for transitions (Ny, CO) X 'T} v =0, to the ionic levels indicated.
N, co
Experimental Experimental
intensity FCF® intensity FCF
X% y=0 100.0 100.0 100.0 100, 0
1 6.9410.66 9.27 3.46+0.27 3.84
.2 0.32+0,.21 0.59
Al p=0 87.1:3.1 84.9 39.4:2.4 37.3
1 100.0:2.8 190.0 83.4+1.1 82,1
2 76.3+1.5 68.0 100,0:3.1 100,0
3 43.5+2.9 35.3 86,7:1.6 89,5
4 T19,1:2.4 15.7 67.8:1.9 06. 0
5 7.0940.77 6.37 50.3:1.7 12,6
6 2.51:0,40 2043 20L2:.1.3 23,0
7 1.70+0,.34 0.8 14,8:0.5 13.7
) 0,37:0.17 0,32 8,31 : 0,47 7.150
9 5,08 0,97 3.59
10 253+ 0.56 1.75
11 1.03:0,22 0, n4
BT =0 100.0 100,0 1000 100, 0
1 9, 84: 2,51 13.1 35.0+1,0 35,4
2 0,76 10,04 0.25 7.0 1,61 .08
Copyright ) 1974 American Institute of Physics 3711
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Photoelectron angular distributions, cross sections, and branching ratios for atomic oxygen

Anthony F. Starace*
Behlen Laboratory of Physics, The University of Nebraska, Lincoln, Nebruska AKS08

- +
Steven T, Munson
Department of Physics, Georga State University, Atlanta. Georgia 30303

David J. Kennedy?
School of Physics, Geargia Institute of Technology, Atlunta, Georgia 30332
(Recewved 30 January 19748

Theorznical cateulattons of the angular Jdistribution of photociectrons cjected from the 2p subsheli of

atomic axvzen for photoelectron Kinetic energies 0 < € -

3 Ry are prosented usmy hoth Fhrtree-Fock

(HF) and Hermun-Skillman (HS) wine functions. Owmg to the weakness of ansotropic clectron-ton

wmieractons as estdenced by osmall dnerences between B phers

dostren rheee st for alternarng

outzomng channels, the simple HS caleulation of the angular-dstisbuton asymmetry parameter s found

to agree to within = 0.1 with the HF calculations. Photoionization cross secitons and photgelectron
branching ratios have also beem computed in both the HF and HS approvmation for the 2p subshell

of atomic oxygen in the wavelength range 910 < A

< 100 A. Comparison is made with other

theoretical calculations and with the experiniental branching-ratio measurements of Samson and Petrosky

at A = 5843 A.

1. INTRODUCTION

Dill, Manson, and Starace! have shown that the
Cooper-Zare theory® for photoelectron angular
distributions. while correct for closed-shell at-
oms, is not appropriate for open-shell atoms ex-
cept in those cases where the phase shifts for al-
ternative photoelectron channels are the same.
We present here theoretical calculations that con-
firm atomic oxyvgen as one of these special cases.
We find that the use of Herman-Skillman® (HS)
wave functions and the Cooper-~Zare theory pro-
vides angular distribution asymmetry parameters
that are in substantial agreement with those ob-
tained using Hartree-Fock (HF) wave functions and
a more rigorous theory' for photoelectron angular
distributions. We expect similar results for the
other atoms having open 2p subshells, Thus, the
angular distributions of photoelectrons from 2p
subshells calculated by Manson®* using HS wave
functions and the Cooper-Zare theory should prove
reliable,

We present also new calculations, using both HS
and HF wave functions, of the total and partial
photoionization cross sections of atomic oxvgen.
Because these cross sections are of fundamental
importance for upper atmosphere physics, they
have been calculated by many authors,” ™' Follow-
ing Henry™ we plot also photoelectron branching
ratios since these are the quantities measured di-
rectly in photoelectron spectroscopy. At A =584.3
A our branching ratios are in reasonable agree-
ment with both the experimental values of Samson

9

and Petrosky!' and the more accurate close-cou-
pling calculations of Henry.” The calculated angu-
lar distributions, cross sections, and branching
ratios presented in this paper thus extend and com-
plement existing theoretical data on the photoion-
ization of atomic oxygen.

II. THEORY

Dill and Fano'-'* have expressed the differential
cross section for photeionization of an unpolarized
target as an incoherent sum over contributions
corresponding to alternative values of the angular
momentum f, transferred by the incident photon to
the target:

d G,) .
d_‘s’z. = %[1 +30j,)P,(cos6)). (n

It

Detailed expressions for the partial cross sections
o(j,) and asymmetry parameters ,3(j,) are given in
Ref. 14 in terms of scattering amplitudes $,(j,),
where [ is the orbital angular momentum of the
outgoing photoelectron. The experimentally mea-
sured asymmetry parameter g3is then given by the
following weighted average'™:

,;=<Z o(,i,h%(j,))/ PIRLIAL @

iy ‘ iy
For the particular case of LS coupling the gen-

eral photoionization process via electric dipole
interaction,

AUZLS, ) v v = AU L ST ) o™, s,5), (3)

2453
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Continuum ionization transition probabilities of atomic oxygen

James A. R. Samson and V. E. Petrosky
Behlen Laboratory of Physcs, Universite of Nebravka, Lincoln, Nehraska A8508
tRecenved 11 January 1973

The techmgue of photoelectron spectriscony has heen used to sbhtam the relative contmuum trunsthion

pnv.he.hah!)cs of atonue ovzen at 353 A tor transitions trom the Poseoond e aeo che TN D
‘P sites of the ion. The ratio of the transtion probabiliies for the D and P states relative to the
*S state of the ton are 157 = 013 aad §82 = 007, respectivels. In additon, trasinons from the
exarizd O g A} state mio the O¢ 4 and Q) states were observed. The adiahane womzation
puteniial of O (-3,) was measured as 13803 + 0006 V.

INTRODUCTION

Manv theoretical investications of the photo-
ionization of atomic oxygen have been carried
out.!”* These include cross-section calculations.
transition probabilities for specific ionic states.
and calculations of the angular distribution of the
ejected photoelectrons. The experimental veri-
fication of these calculations is difficult because
of the experimental problems in dealing with a
transient species such as atomic oxygen. In ad-
dition to supporting a particular theoretical model,
the experimental results on the photoionization of
atomic oxvgen are extremely important in upper
atmospheric studies since a prime constituent of
the Earth’s atmosphere at about 200 km is atomic
oxvgen. .

Previous experimental studies on photon inter-
action with atomic oxyvgen have bee_n confined to
absorption studies. Huffman e/ «l.° obtained an
absorprion spectrum between 600 and 1000 A
while Cairns and Samson' and Comes ¢f al.™
measured absolute cross sections at discrete
emission lines in the same wavelength interval.
More recently Jonathan e/ al.}**!* have observed
the photoelectron spectrum of atomic oxygen at
584 A and Dehmer ¢/ «/." have studied the ions
produced by photoionization in a mass spectro-
meter.

The present investigation involves the technique
of photoelectron spectroscopy. This is an ex-
tremely powerfhl method for méasuring the rel-
ative transition probabilities for populating the
various ionic states available for the given photon
enersv. However, to obtain meaningful results
the collection efficiency of the electron energy
analvzer must be calibrated as a function of the
electron energv and the analvzer must not dis-
criminate agunst electrons with differing angular
distributions. To date this has not been done,
The present work reports absolute transition
probabilities for the photoionization transition

2PNy =2p DO P velnive o trans o0 s o

the 2p°(S) eround state of the atomic axveen jon.

EXPLERIMENTAL

“Atomic oxvzen was produced in a microwave
discharge {2450 MHz) operating ot a power of

40 W and at a pressure of approximately 2¢
mTorr. Although number densities of the atoms
were not measured, similar techniques have pro-
duced about 5% dissociation.’® In addition to
atomic oxygen. other species were produced. The
parent molecule can be excited into the lowest
excited state, theO,(¢’a, ) state, which lies about
1 eV above the ground X*x; state. Molecules in
the excited a'a, state account for about 5-10%

of the products. Other species may be formed
such as ozone and O. in various vibrational states.
However. these were not observed in the present
experiment where the discharged gas had to travel
about 50 ¢m through 11-mm i.d. pyrex tubing.
Quartz tubing was used in the microwave cavity.
The tubing was treated with dilute phosphoric acid
to minimize the recombination of atoniic oxygen.
Thus, three species were formed, namely, 0(*P),
0,(X°27), andO,(u'a,). Figure 1 shows the micro-
wave discharge and the atomic oxygen flow in re-
lation to the photoelectron spectrometer.

The electron energy analyzer was a cylindrical
mirror design based on the analysis given by
Karras ef al.'® Slit-to-slit focusing was adopted
with an entrance trajectory of 54.7" with respect
to the axis of the evlinders. This particular angle
was chosen because the fraction of the electrons
traveling in this direction is directly proportional
to the total number of photoelectrons produced
recardless of their ancular distribution.”™ A
retardmng’ aceelerating lens (L) was incorporated
so that the electrons would have a fixed pass en-
ergy and henee a constant energy resolution. With
2 V between the inner and outer eylinders the full
width at half-maximum for argon was 30 meV.

2449 .
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PARTIALLY AUTOIONIZING STATES OF ANTONIC ONYGENT

JAMES AL ROSAMSON and Vb PEFTROSKY

Beiden Laboratory ot Phivaes, Universiy of Nebovasha, Lincola, Ncby asses {08

tharst recenved 20 January 1970w tnad torm T Febhre s 97
L
ABSTRACT
The Rydberg states 3d”*Py,and 337 *Py, and the imter-shell transition

S 3 . ~ . . . . . - .
2s2p™ *PY. . . which are forbidden to autoionize on the basis of LS coupling, have
been observed in emission spectroscopy and in autoionization spectra produced in
the photoelectron spectrum of atomic oxvgen.

Jonathan et al.! have observed unidentified structure in their 584 A He |
photoelectron spectrum of atomic oxvgen. Theyv concluded that the structure was
caused by impurity lines in undispersed helium hght source. However, the strength of
the photoelectron structure was surprisingly high. In the present work. it is shown that
the structure is indeed caused by impurity lines from the light source: in particular.
from O I resonance lines caused by an O, impurity. These resonance lines populate
Rydberg states lyving above the first tonization potential ol atomic oxyvgen. The staies
responsible for the structure are the Rydberg levels 3d" *PS |, and 33" *PY |, and
the inter-shell transition 232p™ *Py | . The states subsequently de-excite via the two
competing paths of emission and autoionization. When autoionization takes place.
an electron is ejected with an energy equal to the difference between the energy of the
state and the ionization potential of the continuum interacting with the state (int this
case. the *S continuum). The interesting point is that these states are forbidden to
autoionize on the basis of LS coupling. However, in the present work, the states are
observed both in emission spectroscopy and in photoelectron spectroscopy.

Recently. these autoionizing torbidden states have been observed by Dehmer
et al.? in their photoionization- mass-spectrometric studies. By the use of the Hopfield

continuum, they studied the phototonization of atomic onxygen as a function of

wanvelength over the range 912 1o 660 AL They abserved autoionizing structure at all
the allowed transitions, including the LS torbidden states discussed here.

* Presented at the Meeting of the Division of Flectron and Atomic Physics, Yale University,
10-12 December 1973,
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PHOTOLL! CTRON SPLCTROSCOPY Of N> AND CO
WITH DISPLRSED Nel RADIATION =

FUCGARDNER i Banes VR SAMSON
Boilen Laharatory or Pirvsaes, Enneniey ot Nehrasd g
Lcaoin, Nebrahe os308 S5

Recenved 4 Aarch 1974

fHigh resolution photoelectron spectra have been recorded trom Nz and CO with a tully calibrated enerev analvzer
“atboth the 736 and 743 A Nel lines. Observation of electrons from transitions to the v = P level of the CO® X -

ground stite is reported for the frst time. Relative intensities of all vibrational peaks appearing incach speciram are
given.

It has been known for some time that the photo-
electron spectra of Ny and CO recorded with Nel
radiation (736 and 744 A) show vibrational structure
extended considerably beyond that produced by con- A ZTTU
tinuum ionization [1]. This structure is caused by V=0
transitions through an intermediate neutral electronic o +
state which subsequently autoionizes. Previously re- X“2q
ported spectra were taken with comparatively poor v=o f 2 2 4
resolution and with undispersed radiation so that two
overlapping spectra 177 meV apart are produced.

We have recorded spectra from CO and N, at each L
of the Nellines after dispersion by a 1/2 m Seva—
Namioka monochromator. The energy analyzer,
which has been described in the literature {2].is of
cyvlindrical mirror type with a pre-retarding lens: the
spectra were recorded at a pass energy of 0.75 eV,
vielding a resolution of the order of 10 meV. The

=T T

z}-élo

-0

se®®

¢ 1 27 P

-

-

C
L(:.

\0.0

scanning voltage was produced by a digitally pro- 1.0 05

grammed stepping motor-—-potentiometer combina- , ELECTRON ENERGY (eV)

tion which wis synchronized to the advance of a

multichannel store. Energy increments were accurate-  Fig. 1. Photoelectron spectrum recorded from N:at 736 A,

Iv Known from a calibration of the potentiometer

voltage versus number of steps. rates of photoelectrons from Ar and Ne at a number

The transmission of the analyzer was calibrated. as of Arll ines produced in a duoplasmatron light souree.
previously described {21, by measuring the count The photoetectron spectrum recorded from Ny at
730 Ais shown in fig, 1. The resolution is sutticient
. hl Al
. . senarite the NtV -+ = -
* Rescarch supported by the National Actonauties and Space to separate the N: AN - (0 =4) peak from the A ”u
Admnistration under Grant NGR 28-004-021. (=0 peak, but is not sutficient to resolve the

240
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COLLECTING EFFICIENCY OF A CYLINDRICAL MIRROR ELECTROM ENERGY
ANALYZER WITH PRE-RETARDING LENS

J. L. Gardner and James A. R. Samson
Behlen Laboratory of Physics
University of Mebraska

Lincoln, Nebraska 68508 U.S.A.

ABSTRACT

The electron collecting efficiency of a cylindrical mirror energy
analyzer incorporating retardation of the electrons prior to analysis
has been determined over the range 0 to 30 eV by two methods. The
first method requires the use of a vacuum ultraviolet monochromator
to produce monoenergetic electrons of different energies; the second
method involves measuring the energy-brightness relationship of the
retarding optics and should be applicable to any deflection anq]yzer
with pre-retarding optics. The results of the two methods are compared

~and the limitations of the latter method are discussed.
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Vibrational Intensity Distributions for Continuum

Photoionization qf Oy gen

J. L. Gardner and James A. R. Samson
Behlen Laboratory of Physics
- University of Nebraska

Lincoln, Nebraska 68508 U.S.A.

We have recently reported experimental vibrational
intensity distributions for continuum photoionization of
Nziand CO, mainly at a wavelength of 584 g.l the purpose
‘of this note is to report similar results for oxygen
using both the 584 A and 304 A helium lines.

The photoionization cross section of oxygen shows a
substantial dip in magnitude over a 20 i band centered
about 590 5;2 thus the possibility exists that the 3584 2
photoelectron spectrum of oxygen includes an autoionized
éontribution and, consequently, the vibrational intensity
distributions may not correspond to those of continuum
ionization. The oxygen~photoionization.cross section
shows no structuré around 304 R and purely continuum-.ioni-
zation is expected.’

The experimental technique is that reported previ-
ously.1 Photoelectron spcctra were recorded at a reso-

lution of 45 meV with dispersed He radiation, using a cy-

lindrical mirror energy analyzer with known transmission

- propcrtics.
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PEOTOION AND PIOTCLLICTRON SPLECTROSCOPY O Co DD 1

J. L. Gardner and James A, . Samson
Behlen Latoratorv of Phwvsics
University of lizbraska

Lincoln, Nebraska 68508 U.5.Ah,

Abstract:

Dissociative photoionization processes ir CO and X, have

<

been studied via photoion and photoelectron spectroscopy.
Kinetic energv spectra of both the ions and electrons formed

in Co and Nz have been recorded with a calibrated enerqgy analyzer
0

0
at incident wavelengths of 584, 462, and 304 A. The 304 A spectra

are correlated in energy and intensity to deduce dissociation

+ + .
products. For CO, the 22 state of CO formed by removing a 2s

electron dissociates to the products ct (2p 2PO) and O (3sl 3DO).

.

0
The ¥, ion and electron spectra at 304 A both contain evidence
2l

for dissociative transitions involvina the D “ilg state of N, . .

. + .
Energetic N ions produced upon removal of a gBS electron are

best explained by a dissociation limit of hal (2p3 3PO) and

3 450).

N (2p
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EFFECTS OF ANISOTROPIC ELECTRON-ION INTEPACTIONS

IN ATOMIC PHOTOELECTRCN ANGULAR DISTRIDUTIONS

Dan DiT1
Departrant of Chemistry
Bosten University

Boston, Massachusetts 02215
and

*
Anthony F. Starace
Behlen Labbratory of Physics
The University of Nebraska

Lincoln, Nebraska 68508

and

Steven T. Manson+

Department of Physics
Georgia State University

Atlanta, Georgia 30303

*Supported in part under National Aeronautics and Space Administration
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. Abstract
The angular distributions of photoelecirons from atonic oxygen,
'nifrogen, and carbon are calculated. Both Hartree-Fock and Hartree-Slater
(Herman-Ski11man) wave functicns are used for oxygen and the agreement is
Aexce}lent; thus only Hartree-Slater functions ara used for carbon and
nitrogen. The pitch angle distribution of photcelectrons is discussed and

it is shown that previousiapproximations of energy independent isotropic

2

or sin” e distributions are at odds with cur results, which vary with

energy. Tiis variation with energy is discussed as is the reliability
of these calculations.
*Supported in part by NSF Grant GP-38905,

§Present address,
t+Supported in part by NASA Contract NGR 28-004-021.
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Presented at the IV, Internatioﬁal Conference on Vacuum-
Ultraviolet Radiation Physics, lamburg; Germany, 22-26 July
1974. (Pergamon Press-Vieweg, to be published).

PHOTOELECTRON ANGULAR DISTRIBUTIONG FOR OPEN-CHELL
ATOMS: A PROBE OF ANISOTROPIC ELECTRON-ION INTERACTIONS
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Dept. of Chemistry, Boston Univ., Boston, Massachusetts 02215 U.S.A.
' and A
Arithonv F. Starace

Behlen Lab. of Physics, Univ. of Nebraska, Lincoln, Nebraska 68508 U.S.A.
and »
Steven T. Manson.
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The photoelectron asymmetry parameter B-in LS-coupling is obtained,>

- starting from the representation of B as an expansion into contributions from

alternative angular momentum transfers jt,l_3 each of which has a chéracter— ‘

istic angular distribution. For open-shell atoms the photcelectron-ion inter-

dction is generally anisoffopic: photoelectron phase shifts and electric

dipole matrix elements depend on both the multiplet term of the residual ion )

and the total orbital momentum of the outgoing photoelectron channel. Conse-

quently Brdepends on the term levels of the residual ion and contains contri-

butions from all allowed values of jt' These findings contradict the indepen-

dent particle model theory for B,. which ignores final-state electron-ion

‘interaction and to which our expressions reduce only in the limiting cases of

1) spherically symmetric atoms [e.g., closed-shell atoms] and 2) open-shell

atoms for which the electron-ion interaction is isotropic [e.g., very light

elements]. Numerical calculations of the asymmetry parameter are presented

for atomic oxygen and atomic sulfur to illustrate the theory and to demonstrate

the information on electron-ion dynamics thaﬁ can be obtained from the theo-

retical and experimental study of B for open—sheil atoms. .
A general photoionization process in LS-coupling may be reﬁresented as: T 'f

AWMU LoSM7g) +1Uy = 1, Ty == D= AN L S T ) e s, 7= (= ). (1)

Provided the atom is unpolarized and no measurements are made of the orienta-

tion of the ion or of the photoelectron's spin, the differential cross section

and the asymmetry parameter may be represented as incoherent sums over allowed

angular momentum transfers Jﬁ:
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Presented at the International Symposium on Electrbn
and Photon Interactions with Atoms, Stirling, Scotland,
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ABSTRACT

-~ The photoelectron asymmetry parameter 8 in LS-coupling is
obtained, starting from the representation of § as an expansion
into contributions from alternative angular momentum transfers
jt, each of which has a characteristic angular distribution.

For open-shell atoms the photoelectron-ion interaction is gener-
ally anisotropic: photoelectron phase shifts and electric dipole
matrix elements depend on both the multiplet term of the resi-
dual ion and the total orbital momentum of the outgoing photo-
.electron channel. Consequently B depends on the term levels of
the residual ion and contains contributions from all allowed
values of jt. These findings contradict the independent particle
model theory for B8, to which our expressions reduce only in the
limiting cases of 1) spherically symmetric atoms (e.g., closed-
shell atoms) and 2) open-shell atoms for which the electron-ion
interaction is isotropic (e.g., very light elements). Numerical
results for atomic oxygen and atomic sulfur are shown.
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On the Photonionizaticon of Carten Dinx
J. L. GARDUEK and J. A. R. SAM30N, U. leuvr. - The

kinetic energies of photoclectrons ejected from carton
dioxide have been measured for mouochronzt%c radiation
of wavelengths varying between 700 to 30C 'A. Knowledge
of such photoelectron spectra allcws a ccmplete picture
to be presented of how radizticn interacts with this
molecule. Data will be presented giving absolute
measurenents of the partial cross sections for producing
carbon dioxide ions in specific states -of ionization.
This work was supported by NASA under Grant No.

NGR 28-00L-021.
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Interest. G. N. FADDAY znd J. 4. K. SfeiS0N, U. Levr. -
The total absorrtion cross sections of Ep, Do, Op, lin,
€O, Clp, Ip3, Ciiy, and the rare gases, have been

" measured at wavelanzgths down to 100 A with a precision
of * 3%. The efficiency of the absorbed radiation to.
produce ionizaticn has beeh measured for several of
the above gases and in some cases multiple ionization
has been observed. This work was supported by NASA
under Grant Lo. LGR 28-004-021.
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INTERNATIONAL SYMPOSIUM ON
ELECTRON AND PHOTON INTERACTIONS WITH ATOMS

University of Stirling 16-19 July, 1974

MULTIPLE PHQOTOIONIZATION OF THE RARE GASES
by
James A.R. Samson and G.N. Haddad

Physics Department, University of Nebraska, Lincoln, Nebr:

The recent advances made in measuring the absolute
intensity'of radiation in the vacuum ultraviolet spectral .
region1 has permifted direct experiments that determine
the photoionization yields of gases from their first
ionization threshold down to about 100 i (i.e., 124 eV).
For the rare gases, excluding He, this spectral range
covers the thresholds for single, double, and triple

photoionization.

The ﬁhotoionization yield in thié context is defined
as the average number of charges produced per photdn absorbed
by the gas. Thus, the yield is simply the average charged
state of an ion per photon absorbed. The results distinguish
between singly and doubly charged ions but not between

doubly and triply charged species.
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shells ¢ nein, argon, kryriton, and xonon have teen menzsured Trom wncir

respective icrization thresholds to about 40 eV. The tecunigue of

photoeleziron spactroscery was used to determine the ratio of the s to
-~ bl - 44 l

p thotcelscirens. Measurements of the total cross sections™ and the
s A e e s . 2 o

magnitudes ¢ zultiple icnization processes allowed an &ccurate

determinzsticn of the subshell cross sections to be made.

The results for Ar, xr, and Xe clearly show the interference eflect
[ J

O
2 6. 2 5

between ihe ns” np =+ ns np” €d transition and the ns transitions as

5 . . 3 ' . . .
predicted by Axusia et al,” who used the random phase approximation with

exchange in treir calculations. The experimental results for Ar, Kr,

N

and Xe are shown in Figs. 1 - 3. The dashed curves represent the
thecretical results of Amusia et al. The actual magnitude of the

theoretical results are gsensitive to the value of the ns ionization

threshold used in the calculations. The theoretical curves for Ar and

Kr, shown in ¥Fizs. 1 and 2, used the experimental thresheld values. The
results asre in scod arreement with experiment. For Xenon the theoretical

threshold differs by about 2 eV from ithe experimental threshold.

Y

Although the siicre of the two curves ogree the mognitudes do not.
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been mczzured frcm thelr ionization threshold down to 100 A. In addition, the

probability of producing ions in various degrees of excitaltion huave been

measured at many wavelengths. This includes a study of multiple ionization

processce.

t has beeon customary to analyze the structurc of total pholo-ionizztion

-

cross secticn curves in terms of possible ionization thresholds to high lying
excited states of the molecule and to possible double ionization states. To
provide definitive results in determining the cause of the structure, we have
employed techniques to measure the individual or partial ionization processes.
The technigue of pliotoelectron spectroscopy has been used to give accurate
branchin% ratios Tor producing ions in excited states, while recent advances
. (o]
in measuring the 2bsolute photon flux of radiation down to 100 A have enabled

. . A 1
quuntitotive measurerments on the icnization efficiencies to be made. For
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the guse 02,
This givesz an uppror limit of less thun 17 for the probubility cf double

ionication.

N,, CO, and CO, no double ionization processes cculd be obscrved.
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Angular Distributions of Photoclectrons

Ejected from Gases*

James A.R. Samson, University of Nebraska

.....

ejected from gases were first studied by Bubb in 1924.1 From

thase results and subsequent measurements it was established
that there was a preponderance of electrons ejected in the
direction of the electric field vector. By 1927 Auger and
Perrin2 had derived an expression for the angular distribution
that took the form (a = bcos’8 ) , where @ was the angle
between the electric field vector and the electron velocity
vector. Most of the experiments verified this coszé§distribution.
Some forty years later interest in this field has been revived.
While the early experiments broadly verified the predictions

of the new wave mechanics detailed information was lacking.
Recent experimental work has showrthat there is a wide

variety of electron distributions possible, varying from
completely isotropic to c052€ type distributions. Results
depend on the orbit from which the electron is ejected, on the
kinetic energy of the photoelectrons, and on the presence of
autoionizing structure. The experimental techniques and
results will be reviewed.

« .
Supported in part by the National Science Foundation and the
National Aeronautics and Space Administration.

lp.W. Bubb Phys. Rev. 23, 137 (1924).

2P. Auger and F. Perrin, J. Phys. Radium 8, 93 (1927).
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Anqular Distribution of Photoelectrons from
Halogen Atoms.* S. T. MANSON, Georgia S.U., A. F. STARACE
U. of MNebraska, D. DILL, Boston U.--Calculations of the
cross section and asymmetry paraneter for photoionization
of the outer p-subshell of F, C1, and Br have been carried
out. Numerical Hartree-Fock discrete and continuum wave-
functions were employed.! The halogens were chosen for
study because they are the 1ikeliest group of open-shell
atoms to be experimentally investigated.? The electron-
ion interaction is found to be anisotropic for C1 and Br
as exhibited by the differing phase shifts of the contin-
uum wavefunctions in the various final-state channels.
Consequently we find, as in sulfur,® that the asymuetry
parameters for C1 and Br 1) depend on the final state
jonic term level and 2) have contributicons from all
allowed angular momentum transfers.

*Supported by NSF Grant No. GP-383905 and NASA Grant No.
NGR 28-004-021.

ID. J. Kennedy and S. T. Manson, Phys. Rev. A 5, 227
(1972).

2J. Berkowitz, private communication.

3D. Di11, S. T. Manson, and A. F. Starace, Phys. Rev.
Letters 32, 971 (1974).
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Seccan (. //ZZ:&M‘?L/

~Steven.T. Manson
Department of Physics
Georgia State University
33 Gilmer Street, S.E.
Atlanta, Georgia 30303
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Behaviour of Partial Photojonization Cross Sec-
tions Across a Resonance.* A. F. STARACE, U. of Nebraska
--The behaviour of the total cross section in the ne1gh-
borhood of an autoionizing resonance is well known.®
Only recently however has the theoretical® and experi-
mental® investigation been completed of the striking
oscillatory behaviour of the photoelectron asymmetry
parameter across a resonance. This recent work motivated

~ the present study of the energy dependence of partial

Cross sections across autoionizing resonances. General
Fano-type! formulas for this dependence are obtained.
Spec1f1c app11cat1on is made to the behaviour of the
various np®(!S) + hv - np®(? Pss2,172) + € photoioniza-
tion channe]s in the rare gases in the neighborhood of
the nsnp®(n + 1) p (!P) resonances. In particular, cal-
culations of the “P, /‘P , branching ratios (which can

be measured by photoe]ectron spectroscopy) across these
resonances are in progress.

*Supported by NASA grant No. NGR 28-004-21.
'y. Fano, Phys. Rev. 124, 1866 (1961).
2D. Dill, Phys. Rev. A7 7, 1976 (1973).
3J. A. R. Samson and J. L. Gardner, Phys. Rev. Letters
31, 1327 (1973).
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Anthony F. Starace

Behlen Laboratory of Physics
The University of Nebraska
Lincoln, Nebraska 68503
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Measurerents of Anaular Distributions of Photo-
electrons with Polarized Radiation.* W.H. HANCOCK and
JAMES A.R. SANMSON, Univ. liebraska--Angular distributions of
photoelectrons have been nicasured by a new technique uti-
lizing polarized vacuum ultraviolet radiation. The photo-
electrons were observed in a direction at right angles to
the direction of the photon beam, using a cylindrical

- mirror energy analyzer. The photons were 75% polarized
using a three plate reflection polarizer, which could be
rotated to change the plane of polarization. Results have
been obtained with undispersed 584 A radiation for the rare
gases and selected diatomic molecules. Attempts are cur-
rently underway to measure the angular distribution of
photoelectrons ejected from atomic oxygen. The method is
also being extended to other wavelengths.

*Research supported by the Atmospheric Sciences Section,
National Science Foundation.
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Photoion and Photoeslectron Snactroscopy
of €O and ~>. J. L. Gardner anc JXMILS A. R.
S50, Univ. Tiebrashka--Ion and electron
kinetic enerqgy scoectra of CO and I nave been
measured at a number of incident wavelengtiis
extending down to 304 A. Correlation of the
304 A spectra shows that the 27+ state formed
by removal of a 3¢ electron from CO dissociates.
to the products ¢t (2p 2r0) and o (3s' 3p0).
Similarly, the corresponding process in MNo
yields products Nt (2p3 3p0) ana i1 (2p3 480).
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